Nearly perfect semiconducting single-walled carbon nanotube random network thin film transistors were fabricated and their reproducible transport properties were investigated. The networked single-walled carbon nanotubes were directly grown by water-assisted plasma-enhanced chemical vapor deposition. Optical analysis confirmed that the nanotubes were mostly semiconductors without clear metallic resonances in both the Raman and the UV-vis-IR spectroscopy. The transistors made by the nanotube networks whose density was much larger than the percolation threshold also showed no metallic paths. Estimation based on the conductance change of semiconducting nanotubes in the SWNT network due to applied gate voltage difference (conductance difference for on and off state) indicated a preferential growth of semiconducting nanotubes with an advantage of water-assisted PECVD. The nanotube transistors showed 10 −5 of on/off ratio and ∼8 cm 2 V −1 s −1 of field effect mobility.
(Some figures in this article are in colour only in the electronic version) Thin film transistors (TFTs) of randomly networked singlewalled carbon nanotubes (SWNTs) have recently attracted attention for having the potential to overcome two major current challenges in electronic device applications using single nanotubes: (1) chirality dependence issues relating to the separation of semiconducting and metallic nanotubes and (2) position control issues [1] [2] [3] [4] . This transistor scheme may also provide a new type of nanotube-based material for a semiconductor thin film for future electronic devices in transparent or flexible electronics [5] [6] [7] . 5 Author to whom any correspondence should be addressed.
Several groups have demonstrated SWNT network transistors by various methods [8] [9] [10] . Geometrically, these systems have commonly been considered percolating systems with a random mixture of semiconducting (S) and metallic (M) nanotubes in the active area of the transistor channel. Studies for transport properties as functions of the channel length (L c ), density of nanotubes and even anisotropy found that the on/off ratio of the transistors is improved with larger channel length (L c ) and lower nanotube density. A reasonable on/off ratio (∼10 3 -10 4 ) was obtained at very low tube densities (<1 tube μm −2 ) [8] or very large channel lengths (L c ∼ 100 μm) [9] . This result is attributed to the percolation threshold governed by the existence of metallic paths along long nanotubes (which are not sufficiently shorter than L c ) as well as the fraction of M-tubes, i.e. about 33%, in a random chiral distribution. In fact, this low density of nanotubes is attributed to bare connections between individual nanotubes which contain metallic and semiconducting elements but the semiconducting fraction is twice the metallic fraction in the random network of nanotubes. Difficulty in controlling chirality still represents a limit of nanotube density in order to avoid the metallic paths in the semiconductor thin films of SWNTs. A zero fraction of M-nanotubes in the SWNT system is ideal for transistor applications but is not possible at present.
Plasma-enhanced chemical vapor deposition (PECVD) is known to have a great advantage in preferentially growing SWNTs with reduced metallic fractions. Direct transport measurements of individual nanotube transistors grown by this method showed a semiconducting fraction of about 90% [11] . Subsequent plasma hydrocarbonation during growth was proposed as a mechanism for the selective removal of metallic nanotubes [12] . Moreover, water-assisted PECVD has been shown to provide a low temperature method for high purity SWNT growth down to 400
• C [13] , which allows flexibility in choosing substrates for the integrated circuit.
In this paper, we investigate thin film transistors with nearly perfect and high purity semiconducting SWNT networks grown by the water plasma-assisted PECVD method. Nanotube transistors showed an on/off ratio of 10 5 and a field effect mobility of ∼8 cm 2 V −1 s −1 for a highly dense film of SWNTs. Estimation based on the conductance change of semiconducting nanotubes in the SWNT network due to applied gate voltage difference (conductance difference for on and off state) indicated a preferential growth of semiconducting nanotubes over 99% with an advantage of water-assisted PECVD. Optical properties also agree on the dominance of semiconducting tubes consistent with the analysis of electrical measurement.
A mixed solution of ferrocene and a conventional photoresist (AZ 5214E) were spin-coated onto SiO 2 (400 nm)/Si substrates to prepare iron catalyst nanoparticles. After the standard photolithographic processes, the defined active areas were formed for the nanotube transistor channels by additional burning of the photoresist in an oxygen flow of 500 sccm (1.5 Torr) in order to remove organic materials. A homemade radiofrequency (13.56 MHz) remote PECVD system was used for nanotube growth. Wafer substrates were placed on a quartz holder to support the absorption of white light from a halogen lamp and were then heated to the growth temperature of 450
• C for 300 s. This occurred in a humid atmosphere, which was achieved by evaporating water from a canister through a metering valve, resulting in an increase of 5 mTorr in the base pressure. After allowing for the stabilization of the substrate temperature, methane (60 sccm) was introduced into the quartz tube. Then, water plasma (15 W) was ignited and kept for 180 s to form nanotubes, which were selectively grown on the prepatterned catalyst. A ferrocene concentration of 0.01 M in a conventional photoresist was employed for the catalytic photoresist. The resulting nanotubes form a continuous SWNT random network whose density is ∼25 μm −2 with lengths of SWNT thin film transistors were fabricated on the SWNT networks at the defined active areas, with formation of the source and drain electrodes from Ti(100 nm)/Au(10 nm) by a standard lift-off method. Si substrate was employed as the gate electrodes in the back-gate structure to simplify preparation by eliminating a processing step. Two hundred individual TFTs were formed as one test sample.
Placement of the networks in a desired location was performed via a direct photolithographic technique using a simple mixture of ferrocene and a conventional photoresist. Fabrication details are provided elsewhere [13, 14] . Figure 1 shows the optical image of our SWNT network TFT array (a), the photomask of the TFT array for the source/drain (S/D) electrode patterning (b) and a super scanning electron microscope (SEM) (Hitachi, S-5500) image of the SWNT network in the channel area between S/D electrodes (c). One completed sample has two SWNT TFT arrays; each array is composed of ten columns and rows of SWNT TFTs with each row pair forming a channel length (L c ) of 2, 3, 5, 7 and 10 μm. Figure 2 shows the optical absorption spectrum in the UV-vis-near IR energy region of the SWNT network grown directly on a quartz substrate using Fe catalyst particles from ferrocene. The X scale is a log scale for a clearer view in the lower energy part of the spectrum. The partial spectrum above 3 eV has been divided by four and displaced down by a constant for clear visibility of the spectrum below 3 eV. The first observed band (E 11 s ) indicates the first electronic transition of S-tubes and 0.8-1.3 nm of tube diameter distribution [14] . The second observed band (E s transitions in this case should be in the range 1.4-2.2 eV, which is in agreement with our result [15] . The strongest peak at ∼4.5 eV is associated with the π-π * interband transition of graphene sheets [16] . We speculate that M-tubes should have the same tube diameter distribution as S-tubes. Then, E 11 M should be between 1.8 and 2.6 eV. Since no peaks are observed in the optical absorption spectrum above 2.2 eV, it seems to indicate that the concentration of M-tubes in the sample may be too low to be detected. However, we do not exclude the possibility that the missing absorption band from M-tubes above 2.2 eV could be due to a large tail of graphene absorption peak. Figure 3 shows Raman spectra of active channel areas of SWNTs obtained with nine different laser excitations (1.58 eV < E L < 2.71 eV). The entire spectrum is normalized to the strongest peak at ∼1590 cm −1 . Two distinctive Raman bands in the high frequency region (1200 cm −1 < ω < 1800 cm −1 ) and the other band in the low frequency region (below 400 cm −1 ) are observed. The band in between ∼1300 and 1400 cm −1 is often called the disorder-induced D-band. The D-band is now thought to be the result of a doubleresonance (DR) scattering process [17] . As a result of DR, the D-band is 'dispersive', i.e. the band frequency has been shown to shift with the laser excitation by about 50 cm −1 eV −1 [18] . Our data in figure 3 agree well with this value (55 cm −1 eV −1 ). The band at ∼1590 cm −1 with structure to the lower energy side is often called the G-band since it is related to the Ramanactive ∼1580 cm −1 band of graphite. The several components in the G-band are related to phonons within the interior of the Brillouin zone of graphene, which become Raman-active in nanotubes due to the rolling up of the graphene sheet. The band at ∼1590 cm −1 has shown no laser energy dependence as known in the literature. In addition to the D-and Gbands, there is a unique mode for carbon nanotubes in the low frequency region (∼100-300 cm −1 ). This is called the radial breathing mode or R-band. This band is inversely proportional to the tube diameter (ω R ∼ 224 (cm −1 nm)/d t (nm), where d t is the tube diameter and ω R is the wavenumber) [18] .
The Raman spectra of SWNTs grown by the waterassisted PECVD method have been observed to exhibit two distinctive features; (1) very little or no radial breathing mode (R-band) enhancement over the entire laser energy that we have used and (2) almost no or very little enhancement of the very broad band at ∼1530 cm −1 in the G-band from metallic tube excitement. Little enhancement of the R-band could be due to a large density of defects in the nanotubes. The D-band intensity is relatively low or not significantly high (E L = 1.65 and 1.7 eV) as seen in the spectra. According to [19] , even with more significant defects on the tube wall due to acid treatment for SWNT material, the fine structure of the Gband is found to be broadened to disappear. However, the R-band is very weak but still observable. Thus, the very weak or missing R-band may not be due to a large density of defects. This fact is not well understood at this point. The very broad band at ∼1530 cm −1 in the G-band has been understood by the Breit-Wigner-Fano resonance process [20] by exciting metallic tubes, or recently by the Kohn anomaly in the phonon dispersion at the point (q = 0) in the Brillouin zone [21] . In previous works, this broad band at ∼1530 cm of laser energy for SWNT samples of both narrow [18] and large tube diameter distributions [20, 22] . Interestingly, over the entire laser energy this broad band at ∼1530 cm −1 in the G-band due to metallic tubes is not clearly observed in the Raman spectra in figure 3 . In other words, the G-band exhibits characteristics of semiconducting tubes. Still, it is possible that the ∼1530 cm −1 band from metallic tubes can be excited by using a different laser excitation, which is not used in this work. However, this reiterates that exciting metallic tubes is not easy in this specially grown SWNT sample. By studying Rbands in figure 2 , only a small enhancement from M-tubes by 1.92 eV has been observed. By combining optical absorption (figure 2) and Raman scattering data (figure 3), the SWNT material produced by the PECVD method seems to be of high quality and contains 'mostly' semiconducting tubes. Figure 4 exhibits the gate voltage (V g ) dependence of the current (I ds ) at V ds = 50 mV under air of SWNT TFTs with longer L c from left to right (2 to 10 μm). Ten samples for each channel length were measured. The I V characteristics under air exhibit a typical p-type as reported earlier [23] [24] [25] . It is noticeably exhibited in the figure that the on/off ratio of network SWNT TFT is improving with a longer L c , which is consistent with previous reports [8] [9] [10] . Figure 5 exhibits the nominal field effect conductivities (σ nom ) and on/off ratios for different channel lengths of the SWNT TFTs at V ds = 50 mV under air, which is obtained by analyzing figure 4. From the figure it is clear that the on/off ratio of the SWNT TFTs improves with increasing L c , which is consistent with previous reports [8] [9] [10] . Since the channel width is fixed at 40 μm, the nominal conductivity (σ on(off) nom ) of the on/off state of the SWNT TFTs can be defined as σ
The on-state conductivity (σ on nom ) exhibits almost no dependence on L c and clearly follows Ohm's law, which is independent of sample volume. This result indicates that the number of tube-tube junctions and the tube density per unit volume is uniform over the entire SWNT network channel area when the SWNT TFT is on. Since the difference between the conductivity of M-and S-tubes can be minimized [26, 27] above the threshold voltage, the transport of the carriers in the SWNT network will be mainly governed by drift rather than a percolation process, which makes σ on nom independent of L c . However, the off-state conductivity (σ off nom ) dramatically decreases with longer L c . Thus, the on/off ratios of low density SWNTs improved by ∼3 orders of magnitude as the L c increases due to much sharper drops in the off-state current. σ off nom exhibits a power law dependence on L c , which is typical in a percolating system [28] . From the finite size scaling law in percolation theory, conductivity (σ ) is proportional to L −γ c at the percolation threshold. This is subject to the constraint that L c is much smaller than the correlation or connectivity length, ξ , which represents the average distance of two sites belonging to the same cluster in the system. In our case ξ corresponds to the average distance between M-tubes. The exponent γ is known to be associated with the dimensions of the system. From the power law of percolation theory [28] , the nanotube length in our sample is estimated to be ∼800 nm by extrapolating σ on nom and σ off nom to the same value (note that, when a metallic path is formed, there will be no gating effect). This estimated value, ∼800 nm, is consistent with our SEM observation. The gradual deviation of σ off nom from σ on nom with longer L c is caused by a lower contribution to transport from M-tubes.
Previous work with a random distribution of Sand M-tubes in SWNTs showed that [G(metal)
) is the on (or off) conductance of an M-(or S-) tube [10] . This indicates that the fraction of M-nanotubes is 1/3 in this SWNT network. If this approximation is applied to our result, our SWNT network grown by water plasma-assisted PECVD contains only a few percent of M-nanotubes. This result is consistent with our OD and Raman measurements as shown in figures 2 and 3, respectively. Namely, it is concluded that the SWNTs contains mostly semiconducting tubes against the random chiral distribution. A large on/off ratio is achieved even with much larger SWNT densities (∼25 tubes μm −2 ) than the previous estimation of percolation threshold with randomly oriented nanotubes of 1 μm in length (∼0.3 tubes μm −2 ) [8] . This also indicates that SWNT networks grown by water plasma-assisted PECVD contain a much larger fraction of S-tubes than any other SWNT synthesis method. Figure 6 exhibits (a) the field effect mobility (μ TFT ) and (b) the subthreshold slope (S) of SWNT TFTs as a function of L c . The μ TFT in the linear regime is obtained using the standard formula, [29] . The subthreshold slope (S) tends to decrease with longer L c since the effect of the metallic path is lower for percolating systems with much longer L c s than with nanotube lengths. Our sample shows a nanotube length of about 0.5 μm. We note that analysis of S also provides an additional density evaluation apart from direct counting of the nanotubes from the super SEM images. The charge trapping source is reflected in the slope, S = dV g /d(log I d ), by an increase in the interfacial capacitance, given by (kT/q) ln (10) 
in the weak inversion region for the MOS devices. Here, Q D is the total depletion charge evaluated by varying φ s to 2φ F . From the one-dimensional nature of the carbon nanotube transistors, Q D changes with the total charges trapped at the interface between nanotubes and the gate oxide and on the nanotube surfaces. As such, the S of the nanotube field effect transistor reduces to (kT/q) ln(10)[1 + (C IT /C ox )] without quantum capacitance. For the estimation of the interface capacitance, we used the numbers C IT = 2.72 pF cm −1 and Cox = 0.18 pF cm −1 from [19] . Then we have C IT = 28.8 pF cm −1 for our case where S = ∼10 V/decade and nanotube length = 0.5 μm. This value is about 20 times the larger nanotube density compared with the sample whose density is 1 tube μm −2 . The on current level (I on ) of our SWNT TFT is approximately of the same order of that of single-SWNT FETs [1, 2] when it is converted to comparable values considering the parameters such as source-drain voltage(V ds ), gate oxide thickness(t ox ), and so on. One possibility for the low I on would be a large number of junction barriers contributing to the transport. The Schottky barrier formed between M-/Snanotubes [26, 27] would be a source of degradation of the I on . However, the fraction of metallic tubes in the sample grown by the PECVD method seems to be very low (∼few percentage) as discussed earlier. Thus, the M-/S-nanotube junction barrier may not be a significant factor for the low I on in the SWNT network TFTs. Another option for the low I on would be due to the charge trapping sources at the interface of SiO 2 and SWNT networks possibly created during the SWNT growth process by the PECVD method or moisture [30] , which can also be the origin of large hysteresis in the V g dependence of I V characteristics.
Conclusions
In summary, we demonstrated high performance thin film transistors whose active elements are built with a film of high quality, almost entirely semiconducting SWNTs directly grown on a substrate by water-assisted PECVD at low temperature. This study provides a major tuning point for nanotubes as an active material for integrated devices to which their application has previously been limited by difficulties in device assembly and lack of control over characteristics, in spite of the excellent properties of the material itself. The SWNTs grown by the water-assisted PECVD show acceptable semiconducting properties for transistor applications with high purity and a low fraction of M-tubes where contaminants and M-tubes are responsible for off-current leakage and short circuit failure. The thin film transistors still show percolation phenomena since the SWNTs are not 100% semiconducting. However, this TFT has uniform characteristics of ∼8 cm 2 V −1 s −1 field effect mobility and a ∼10 5 on/off ratio for a high density nanotube network (>25 μm −2 ). Moreover, low temperature growth provides the advantage of flexibility in the choice of substrates.
